During C. elegans apoptosis, the dicer ribonuclease (DCR-1) is cleaved by the cell death protease CED-3 to generate a truncated DCR-1 (tDCR-1) with one and a half ribonuclease III (RNase III) domains, converting it into a deoxyribonuclease (DNase) that initiates apoptotic chromosome fragmentation. We performed biochemical and functional analyses to understand this unexpected RNase to DNase conversion. In full-length DCR-1, tDCR-1 DNase activity is suppressed by its N-terminal DCR-1 sequence. However, not all the sequence elements in the N-terminal DCR-1 are required for this suppression. Our deletion analysis reveals that a 20-residue α-helix sequence in DCR-1 appears to define a critical break point for the sequence required for suppressing tDCR-1 DNase activity through a structure-dependent mechanism. Removal of the N-terminal DCR-1 sequence from tDCR-1 activates a DNA-binding activity that also requires the one half RNase IIIa domain, and enables tDCR-1 to process DNA. Consistently, structural modeling of DCR-1 and tDCR-1 suggests that cleavage of DCR-1 by CED-3 may cause a conformational change that allows tDCR-1 to bind and process DNA, and may remove steric hindrance that blocks DNA access to tDCR-1. Moreover, a new DNase can be engineered using different RNase III domains, including the one from bacterial RNase III. Our results indicate that very distantly related RNase III enzymes have the potential to cleave DNA when processed proteolytically or paired with an appropriate partner that facilitates binding to DNA. We suggest the possibility that this phenomenon may be extrapolated to other ribonucleases.
Introduction
Dicer is a member of the double-stranded RNA (dsRNA)-specific ribonuclease III (RNase III) family that processes dsRNA substrates to generate small RNAs such as miRNAs and siRNAs, which are important for various gene silencing events [1] [2] [3] [4] [5] [6] [7] [8] . This protein family is not known to possess deoxyribonuclease (DNase) activity [9, 10] until the recent finding that the C. elegans dicer ribonuclease (DCR-1) can be converted into a DNase upon caspase cleavage during apoptosis [11] . During C. elegans apoptosis, DCR-1 is cleaved by the cell death protease CED-3 to generate a C-terminal cleavage product (tDCR-1), which acquires a DNase activity to initiate apoptotic chromosome fragmentation. Cell death analysis in C. elegans reveals that inactivation of dcr-1 reduces embryonic cell death and blocks chromosomal DNA fragmentation during apoptosis [11] . Importantly, both cell death defects can be fully rescued by the expression of tDCR-1 under the control of the endogenous dcr-1 gene promoter (P dcr-1 tDCR-1), but not by the expression of a DCR-1 mutant (P dcr-1 DCR-1(D1472E)) that is resistant to cleavage by CED-3, indicating that generation of tDCR-1 is both necessary and sufficient for normal apoptosis in C. elegans [11] .
Dicer ribonucleases are highly conserved. Most of them contain an N-terminal helicase domain, a PAZ (Piwi, Argo, and Zwille) domain in the middle, and two tandem RNase III domains followed by a dsRNA-binding domain at the C-terminus ( Figure 1A ) [9, 10] . Biochemical and structural studies of the Dicer ribonucleases indicate that the two RNase III domains form a single processing center by folding into an intramolecular dimer, with each domain contributing to the hydrolysis of one strand of the RNA duplex substrate through four highly conserved acidic residues that coordinate two catalytic Mg 2+ cations [12, 13] . Interestingly, CED-3 cleaves C. elegans DCR-1 in the middle of its first RNase III domain, yielding a Cterminal cleavage product, tDCR-1, with one and a half RNase III domains and a dsRNA-binding domain ( Figure  1A ). This proteolytic processing disables the dsRNA dicing activity of DCR-1, but activates a DNase activity that nicks chromatin DNA to generate 3′ OH DNA ends through the same conserved acidic residues and catalytic Mg 2+ [11] . The nicked chromosomal DNA is further processed by downstream apoptotic nucleases, including CPS-6 and CRN-1, leading to generation of doublestranded DNA breaks [14, 15] . The mechanism underlying this unexpected RNase to DNase conversion is not understood.
In this study, we perform biochemical and functional analyses to investigate how DCR-1 RNase is proteolytically converted into a DNase to promote apoptosis. We find that not all the sequence elements in the N-terminal DCR-1 are required to inhibit tDCR-1 DNase. Instead, only a certain length of the N-terminal DCR-1 sequence is needed to suppress tDCR-1 DNase activity. In particular, from our deletion analysis, we identify a 20-residue α-helix in DCR-1 that defines a critical break point for the sequence required for inhibiting this DNase activity and that can be replaced by an unrelated α-helix of the same length, but not by a 20-residue unstructured sequence. In addition, unrelated proteins, such as green fluorescent protein (GFP) and glutathione S-transferase (GST), can potently suppress tDCR-1 DNase activity when fused to the N-terminus of tDCR-1. These findings indicate that the basis of tDCR-1 DNase suppression is likely through structural interference rather than through a sequence-specific mechanism. We also show that tDCR-1 acquires DNA-binding ability upon removal of its N-terminal inhibitory sequence, which correlates with its ability to process DNA. Consistently, structural modeling of DCR-1 and tDCR-1 suggests that CED-3 cleavage of DCR-1 may remove potential steric hindrance and cause a conformational change, allowing tDCR-1 to bind and process DNA. Moreover, new DNases can be generated by pairing a different RNase III domain, including the one from bacterial RNase III, with a different onehalf RNase III domain. Our study thus provides important insight into how an RNase can be converted into a DNase to drastically affect important cellular events.
Results

Most DCR-1 sequences N-terminal to tDCR-1 are dispensable for inhibition of the tDCR-1 DNase activity
As we reported previously [11] , cleavage of DCR-1 by CED-3 activates a DNase activity that can nick and linearize supercoiled (SC) plasmid DNA to generate 3′ OH DNA ends ( Figure 1B, lanes 1-4) . As full-length DCR-1 does not cleave or nick DNA ( Figure 1B, lane 3) , tDCR-1 DNase must be suppressed by the N-terminal sequence of DCR-1 (residues 1-1472) and activated upon CED-3 cleavage ( Figure 1B, lane 4) . To probe the region in DCR-1(1-1472) responsible for inhibiting tDCR-1 DNase, we made a series of DCR-1 N-terminal deletions that progressively remove different domains in the DCR-1(1-1472) sequence ( Figure 1A ). These DCR-1 mutants were synthesized as C-terminal fusions to GST in rabbit reticulocyte lysate, affinity purified using Glutathione Sepharose, and then digested with PreScission Protease (PPase) to remove the GST tag. Purified DCR-1 proteins were incubated with supercoiled plasmid DNA in the presence or absence of CED-3, and assessed for the DNase activity using the plasmid DNA nicking assay and the in vitro TUNEL (Terminal Deoxynucleotidyl Transferase (TdT)-mediated dUTP nick end labeling) assay ( Figure  1B ) [11] . In parallel, we expressed these DCR-1 mutants under the control of the endogenous dcr-1 promoter and examined whether they could rescue the cell death defect of dcr-1(ok247) animals, which is caused by the lack of tDCR-1 DNase [11] .
We found that progressive removal of the helicase domain (DCR-1(740-1845)), the PAZ domain (DCR-1(1297-1845)), and a small portion of the RNase IIIa domain (DCR-1(1345-1845)) did not affect CED-3 cleavage of DCR-1 (Supplementary information, Figure S1A , lanes 1-2 and 5-10) and CED-3-dependent activation of DCR-1 DNase in vitro ( Figure 1B, lanes 3-12) . In vivo, these truncated proteins fully rescued the cell death defect of dcr-1(ok247) animals, when expressed from the dcr-1 promoter ( Figure  1C-1E ). To evaluate whether CED-3 cleavage at Asp1472 of these DCR-1 truncations is critical for activating DCR-1 DNase and their proapoptotic functions in vivo ( Figure  1A ), we generated Asp1472 to Glu substitution (D1472E) in these DCR-1 mutants [11] , which blocked CED-3-mediated production of tDCR-1 (Supplementary information, Figure S1B , lanes 1-8). These D1472E DCR-1 mutants could not be activated into a DNase by CED-3 (Supple- 1-1472) , DCR-1(740-1472), DCR-1(1297-1472), and DCR-1(1345-1472). Purified DCR-1 proteins were incubated with supercoiled pPD49.78 plasmid (200 ng) in the absence or presence of purified CED-3 for 1 h at 37 ºC. One half of the sample was resolved on 1% agarose gel and then stained with GelRed (top). The other half was labeled with [α-32 P]dCTP using TdTase for 2 h at 37 ºC, resolved on 1% agarose gel, fixed and dried for autoradiography (bottom). Figure S2 , lanes 7-10) and failed to rescue the cell death defect of dcr-1(ok247) animals ( Figure 1F and 1G Figure 2A and 2B, lanes 5-8), whereas DCR-1(1385-1845) with a smaller deletion remained dependent on CED-3 to activate its DNase activity ( Figure 2B , lanes 3 and 4). These results indicate that the DCR-1(1405-1472) region is incapable of suppressing tDCR-1 DNase activity. Consistent with this in vitro observation, both DCR-1(1405-1845) and DCR-1(1420-1845) as well as their CED-3-resistent forms (Supplementary information, Figure S1B , lanes 9-16), DCR-1(1405-1845; D1472E) and DCR-1(1420-1845; D1472E), fully rescued the cell death defect of dcr-1(ok247) animals ( Figure 2C-2F ). By contrast, only DCR-1(1385-1845), but not DCR-1(1385-1845; D1472E), could rescue the cell death defect of dcr-1(ok247) animals ( Figure 2G and 2H). These results indicate that DCR-1(1405-1845) and DCR-1(1420-1845) can promote apoptosis independent of CED-3.
As the DCR-1(1385-1472) sequence can suppress tDCR-1 DNase activity but the DCR-1(1405-1472) sequence cannot, the 20-residue DCR-1(1385-1404) sequence appears to define a critical break point for inhibiting tDCR-1 DNase activity. To understand how the DCR-1(1385-1404) sequence can critically contribute to the suppression of tDCR-1 DNase activity, we performed secondary structure prediction of this sequence [16] and found that it likely forms an α-helix. This relatively rigid α-helical structure in combination with the structure formed by DCR-1(1405-1472) may severely interfere with the proper function of tDCR-1 DNase. To verify this possibility, we replaced residues 1385-1404 of the DCR-1(1385-1845) protein with an unrelated α-helix of the same length [helix-DCR-1(1405-1845)] or an unstructured GGGS-repeat of the same length [GS-DCR-1(1405-1845)]( Figure 3A ). Both helix-DCR-1(1405-1845) and GS-DCR-1(1405-1845) were cleaved normally by CED-3 as DCR-1(1385-1845) (Supplementary information, Figure S1C ). However, only helix-DCR-1(1405-1845) showed CED-3-dependent activation of tDCR-1 DNase ( Figure 3B, lanes 3 and 4) .
By contrast, GS-DCR-1(1405-1845) displayed a CED-3-independent DNase activity similar to DCR-1(1405-1845) or DCR-1(1420-1845) ( Figure 2B and Figure 3B , lanes 5 and 6). In vivo, helix-DCR-1(1405-1845), but not helix-DCR-1(1405-1845; D1472E), rescued the cell death defect of dcr-1(ok247) animals ( Figure 3C and 3D), confirming that helix-DCR-1(1405-1845) needs to be activated by CED-3 to promote apoptosis. In contrast, both GS-DCR-1(1405-1845) and GS-DCR-1(1405-1845; D1472E) fully rescued the cell death defect of dcr-1(ok247) animals ( Figure 3E and 3F) , displaying CED-3-independent proapoptotic activity. These results indicate that the secondary structure of the 20 residues before DCR-1(1405-1472) directly affects the ability of DCR-1(1385-1472) to suppress tDCR-1 DNase activity, and thus, can be regarded as the "critical break point" for suppression under this context.
We then examined whether this 20-residue sequence is also critical for suppressing the DNase activity in fulllength DCR-1. When the DCR-1(1385-1404) sequence was deleted or replaced by an unstructured GGGS-repeat of the same length in full-length DCR-1, the resulting proteins, DCR-1(1-1845; Δ1385-1404) and DCR-1(1-1384-GS-1405-1845), still exhibited CED-3-dependent DNase activity (Supplementary information, Figures S1D and S3). These observations and the above finding that an unrelated α-helix of the same length can replace the DCR-1(1385-1404) sequence in DCR-1(1385-1845) to mediate suppression of tDCR-1 suggest that this structure-related suppression of tDCR-1 DNase activity by DCR-1(1385-1404) may not be sequence-specific and that the DCR-1(1385-1404) sequence may be replaced by other N-terminal DCR-1 sequences or even unrelated protein sequences that have a similar structure (see below).
Unrelated protein sequences can also suppress tDCR-1 DNase activity when fused to its N-terminus
Indeed, when we fused green fluorescent protein (GFP), an unrelated protein with a large rigid structure, to the N-terminus of tDCR-1 ( Figure 4A ), the resulting GFP-tDCR-1 fusion, GFP-DCR-1(1473-1845), did not show any DNase activity with or without CED-3 ( Figure  4B , lanes 5 and 6) and failed to rescue the cell death defect of dcr-1(ok247) animals when expressed in C. elegans ( Figure 4C ). These results confirm that an unrelated protein sequence can replace the DCR-1 N-terminal sequence to block tDCR-1 DNase activity both in vitro and in vivo. When the CED-3 cleavage site (STTD) in DCR-1 was inserted between GFP and tDCR-1, the resulting GFP-DCR-1(1469-1845) fusion could be cleaved by CED-3 (Supplementary information, Figure S1E ), lead- ing to CED-3-dependent activation of DNase ( Figure 4B , lanes 1-4). In vivo, GFP-DCR-1(1469-1845) fully rescued the cell death defect of dcr-1(ok247) animals ( Figure  4D ). Fusing GST to tDCR-1 through a PPase cleavage site (PP), GST-PP-DCR-1(1473-1845), also inhibited tDCR-1 DNase ( Figure 4B , lane 9), which could be activated upon removal of GST by PPase cleavage ( Figure  4B , lane 10). These results indicate that placing an unrelated protein sequence to the N-terminus of tDCR-1 can also inhibit tDCR-1 DNase activity, probably through a sequence-independent, but structure-dependent mechanism.
The one half RNase IIIa domain is critical for tDCR-1 DNase activity
Dicer ribonucleases cleave dsRNA through their two RNase III domains, each of which is responsible for hydrolysis of one RNA strand via four highly conserved acidic residues that coordinate two Mg 2+ cations [12, 13] . tDCR-1 appears to use the same two-metal-ion catalytic mechanism to hydrolyze DNA [17] , because mutations in three of the four catalytic acidic residues in the RNase IIIb domain abolish the DNase activity of tDCR-1 and the dsRNA dicing activity of full-length DCR-1 [11] . We examined whether the remaining one half RNase IIIa domain in tDCR-1, which still contains two catalytic residues (Asp1510 and Glu1513), is important for tDCR-1 to process DNA. We found that deletion of the entire RNase IIIa domain, DCR-1(1560-1845), abolished tDCR-1 DNase activity ( Figure 5A and 5B, lanes 5 and 6, and Supplementary information, Figure S1F , lane 2). Similarly, D1510A/E1513A double mutations rendered DCR-1 incapable of making active tDCR-1 DNase (Figure 5A , 5C and Supplementary information, Figure S1A , lanes 3 and 4). In vivo, both DCR-1(1560-1845) and DCR-1(D1510A/E1513A) failed to promote apoptosis ( Figure 5D and 5E). These results indicate that the one half RNase IIIa domain is as important as the complete RNase IIIb domain in making a functional tDCR-1 DNase.
DCR-1 binds DNA once cleaved and activated by CED-3
As DCR-1(1473-1845) and DCR-1(1420-1845), but not other N-terminally extended tDCR-1 versions such as DCR-1(1345-1845), can cleave plasmid DNA on their own, we tested whether the DNase activity of these proteins correlates with their ability to bind DNA through UV cross-linking experiments. We expressed GST-DCR-1(1297-1845)-FLAG, GST-DCR-1(1345-1845)-FLAG, GST-DCR-1(1420-1845)-FLAG, and GST-DCR-1(1297-1845, D1510A/E1513A)-FLAG in Sf-9 insect cells, purified these proteins using Glutathione Sepharose resins, and removed their GST tags using PPase. The purified DCR-1 proteins were then incubated with supercoiled plasmid DNA in the absence or presence of CED-3, irradiated with UV, and pulled down using anti-FLAG resins. The presence of bound DNA was visualized by linearizing the plasmid with BamHI and biotin labeling.
We found that the ability of DCR-1 proteins to bind DNA strictly correlated with their DNase activity. DCR-1(1297-1845) and DCR-1(1345-1845) barely bound DNA in the absence of CED-3 ( Figure 6A , lanes 3 and 5), but showed greatly enhanced DNA-binding ability in the presence of CED-3 ( Figure 6A , lanes 4 and 6). By contrast, DCR-1(1420-1845), which showed CED-3-independent DNase activity ( Figure 2B , lanes 7 and 8), bound DNA with or without CED-3 treatment ( Figure  6A, lanes 7 and 8) . Thus, the conversion of DCR-1 from an RNase into a DNase likely results from its acquired DNA-binding ability after CED-3 cleavage. As the one half RNase IIIa domain in tDCR-1 is necessary for DNase activity ( Figure 5C , lanes 5 and 6), we tested whether it is important for DNA binding. When the two remaining catalytic residues in the one half RNase IIIa were mutated (D1510A/E1513A), tDCR-1 lost its ability to bind DNA ( Figure 6B, lanes 5 and 6) . This result indicates that the one half RNase IIIa domain is indispensable for both DNA-binding and DNase activities and may cooperate with the intact RNase IIIb domain to bind and process the DNA substrate.
New DNases can be engineered using different RNase III domains
As the four catalytic acidic residues in the RNase III family are highly conserved [9, 10] and are critical for tDCR-1 DNase activity [11] , we investigated whether other RNase III domains might substitute for DCR-1 RNase III domains to generate a similar DNase. We first tested whether we could build an alternative version of tDCR-1 using a complete RNase IIIa domain and a partial RNase IIIb domain. The resulting protein, DCR-1(1297-1670), displayed both DNA-binding and DNase activities similar to tDCR-1 ( Figure 7A and 7B, lanes 1-4 and Supplementary information, Figure S1F , lane 3, and Figure S4 ). Importantly, DCR-1(1297-1670) with a D1472E substitution that blocks in vivo cleavage by CED-3 to preserve an intact RNase IIIa domain completely rescued the cell death defect of dcr-1(ok247) animals ( Figure 7C ), indicating that it is a functional equivalent of tDCR-1.
We then replaced the majority of the DCR-1 RNase IIIb domain (residues 1611-1740) with the homologous sequence from E. coli RNase III (bRNaseIII; residues 38-128) ( Figure 7A ). Remarkably, the resulting hybrid protein, DCR-1(1297-bRNaseIII-1845), displayed a CED-3-activated DNase activity indistinguishable from that of DCR-1 or DCR-1(1297-1845) both in vitro and in vivo ( Figure 7B, lanes 5-8 and 7D ), despite the fact that the new tDCR-1 hybrid engineered is 5 KD smaller than tDCR-1 (Supplementary information, Figure S1F , lanes 4-7). This result suggests that very distantly related RNase III enzymes have an intrinsic ability to cleave DNA and can switch their substrate specificity if they are post-translationally modified, such as proteolytic cleavage, or paired with an appropriate partner that enables them to bind DNA.
Discussion
In this study, we used a combination of in vitro biochemical assays and in vivo functional analyses to probe the mechanistic basis of caspase-mediated conversion of DCR-1 ribonuclease to a DNase, which initiates apoptotic chromosome fragmentation in C. elegans. Our in vitro biochemical analyses demonstrate that various DCR-1 protein sequences attached N-terminally to tDCR-1 inhibited both its DNA-binding and DNase activities. Consistently, only DCR-1 variants that exhibited DNAbinding and DNase activities in vitro could promote apoptosis in C. elegans. Our study thus suggests a strong correlation between caspase-mediated activation of DNA binding and activation of DNase activity of the DCR-1 ribonuclease, which underlies this unexpected RNase to DNase conversion.
How then could CED-3 cleavage of DCR-1 activate a DNA-binding activity? The intramolecular dimer formed by the two RNase III domains in the dicer ribonucleases has been proposed to process dsRNA substrates, with each RNase III domain hydrolyzing one RNA strand through a catalytic center composed of eight highly conserved acidic residues [12, 13] . Cleavage of DCR-1 in the middle of the RNase IIIa domain by CED-3 would disrupt the formation of this stable intramolecular dimer and results in loss of the dsRNA-dicing activity of DCR-1 as we have demonstrated previously [11] . Interestingly, DCR-1(1297-1845) and DCR-1(1345-1845), both of which retain all catalytic residues, display greatly impaired dsRNA-dicing activity and generate inaccurate dicing products (Supplementary information, Figure  S5A , lanes 2, 4 and 6), likely due to loss of the PAZ domain that determines the specific length of dsRNA cleavage by dicer [9, 10, 18, 19] . By contrast, DCR-1(1420-1845) and DCR-1(1473-1845), both of which lose two of the four acidic catalytic residues in RNase IIIa, show no ability to cleave dsRNA (Supplementary Table S1 ), which are due to a defect in appropriate biogenesis of miRNAs [3] . Moreover, the one half RNase IIIa domain generated by CED-3 cleavage could become more flexible, leading to the formation of a loose intramolecular dimer that instead binds and processes DNA. Indeed, when we performed molecular modeling to simulate the structures of C. elegans DCR-1 before and after CED-3 cleavage (see Materials and Methods), a major conformation shift was suggested. In the before-cleavage model, the two RNase III domains of DCR-1 form an intramolecular dimer similar to that of Giardia Dicer (Supplementary information, Figure S6A ) [13] and the homodimer formed by human Dicer RNase IIIb domains [20] . The two catalytic sites, each of which consists of four acidic residues, are exposed on the surface of a shallow groove and are ~20 Å apart, which is similar to the distance between catalytic sites of RNase III members and is optimal for hydrolysis of one RNA strand of dsRNA by each RNase III domain ( Figure 8A ) [12, 13, 21] . Cleavage of the RNase IIIa domain in the middle by CED-3, as predicted by the post-cleavage model, appears to result in the rotation of the remaining RNase IIIa domain from its original position towards the RNase IIIb domain, generating a deep, narrower groove with ~21 Å cleft width ( Figure 8B ), while the core structure of the RNase IIIb domain seems to have no significant changes (Supplementary information, Figure S6B ). This conformational change of the one half RNase IIIa domain could allow tDCR-1 to cradle the DNA substrate, which is predominantly in B-form in cells with a diameter around 20 Å [22] . As a result, DCR-1 is converted into a nuclease that binds and processes DNA, which has been confirmed by our DNA-binding and nuclease assays (Figures 1, 6 , and Supplementary information, Figure S5 ).
Most of our biochemical observations are consistent with the simulated DCR-1 and tDCR-1 models. For example, addition of an extra protein sequence N-terminal to tDCR-1 may prevent the formation of the DNA-binding cleft between the one half RNase IIIa and RNase IIIb, leading to inhibition of tDCR-1 DNA-binding and DNase activities. This is observed with DCR-1(1297-1845) and DCR-1(1345-1845), both of which are incapable of binding and cleaving DNA without CED-3, but not with DCR-1(1405-1845) or DCR-1(1420-1845), which has a shorter N-terminal sequence and can bind and cleave DNA independent of CED-3 ( Figures 1B, 2B and 6A ). In the before-cleavage model, residues 1297-1404, which are predicted to form several α-helices lying between the one half RNase IIIa domain and the RNase IIIb domain, may prevent the conformational change of the one half RNase IIIa domain and formation of the DNA-binding cleft or block access to the DNA-binding cleft ( Figure  8C ). On the other hand, residues 1405-1472 appear to situate outside the interface between the one half RNase IIIa domain and the RNase IIIb domain, and thus, do not interfere with DNA binding or affect the DNase activity of tDCR-1 ( Figure 8C ). In particular, residues 1385-1404 appear to form an α-helix that stretches towards the RNase IIIa/RNase IIIb interface of tDCR-1, interfering with the access to the DNA-binding cleft of tDCR-1 ( Figure 8C ). Therefore, compared with DCR-1(1405-1845), which displays a CED-3-independent DNase activity, the extra 20 residues in DCR-1(1385-1845) render it an inactive DNase before CED-3 cleavage. The observations that an unrelated α-helix replacement of residues 1385-1404 in DCR-1(1385-1845) keeps it as a CED-3-dependent DNase, but the flexible GGGSrepeat replacement turns it into a CED-3-independent DNase provide support for the validity of the simulated models. The findings that unrelated proteins with rigid structures, such as GFP and GST [23, 24] , potently inhibit tDCR-1 DNase activity when fused to its N-terminus also provide further support to the simulated models.
In our biochemical assays, mutations of the two remaining catalytic residues in the one half RNase IIIa domain (D1510A/E1513A) result in loss of tDCR-1 DNAbinding and DNase activities ( Figure 5C and Figure 6B ). Consistently, our simulated tDCR-1 model suggests that these two residues are positioned on the surface of the DNA-binding cleft formed by the one half RNase IIIa and the intact RNase IIIb ( Figure 8B ) and mutations of these two residues likely prevent the interaction of the one half RNase IIIa with DNA. Moreover, as loss of two catalytic acidic residues in the RNase IIIb domain greatly reduces hydrolysis of DNA by tDCR-1 and hydrolysis of dsRNA by DCR-1 [11] , the one half RNase IIIa domain with only two catalytic acidic residues probably is inefficient or incapable of cleaving DNA, leading to cleavage of the DNA substrate on one strand by the intact RNase IIIb domain. This is indeed observed with tDCR-1, which generates mostly nicked open circular DNA by nicking one strand of the supercoiled substrate ( Figure  1B, lane 4) .
Lastly, our in vitro and in vivo results and the simulated model also suggest that new DNases can be generated by pairing an intact RNase III domain with a more flexible partial RNase III domain or a domain that helps cramp DNA to the intact RNase III domain. Indeed, a reverse tDCR-1 with a complete RNase IIIa and a partial RNase IIIb or a hybrid tDCR-1 in which the majority of RNase IIIb domain is replaced by bacterial RNase III functions as a DNase in vitro, and remarkably, fully substitutes for tDCR-1 to promote apoptosis in vivo. Comprehensive structural analyses, in particular, the determination of DCR-1 and tDCR-1 structures with or without nucleic acid substrates, will be critical for elucidating the structural and mechanistic detail of DCR-1 RNase to DNase conversion and conversion of a ribonuclease to a DNase in general.
Our biochemical and functional analyses of tDCR-1 reveal a previously unreported mechanism by which an RNase can be converted into a DNase. Our study also suggests that RNase III enzymes, and potentially other RNases using a similar metal-ion-mediated catalytic mechanism, have the intrinsic capability to cleave DNA and can be converted into a DNase through appropriate post-translational processing or pairing with a proper partner that enables it to hold on to a DNA substrate. Given the vital roles of RNA and DNA in regulating all aspects of cellular functions, similar mechanisms could be used to mediate substrate switch of other ribonucleases, DNases, RNA-or DNA-binding proteins, thereby increasing the ability of nucleic acid-binding proteins or enzymes to regulate diverse biological processes or to promote rapid and drastic changes in cellular events, such as the switch from life to death of a cell catalyzed by DCR-1.
Materials and Methods
Strains and transgenic animals
C. elegans strains were maintained using standard procedures [25] . Transgenic animals were generated as described previously [26] . The DCR-1 constructs were injected into dcr-1(ok247)/hT2 animals at 20 µg/ml along with the pTG96 plasmid (at 20 µg/ml) as a co-injection marker. translational fusion that is expressed in all somatic cells in most developmental stages [27] .
Quantification of cell corpses
The number of cell corpses in living embryos was scored using Nomarski optics as described previously [28] . Stages of embryos examined were: comma, 1.5-fold, 2-fold, 2.5-fold, 3-fold, and 4-fold. 15 embryos were counted for each developmental stage. The significance of differences between different genetic backgrounds was determined by two-way ANOVA, followed by 
Molecular biology
To make truncated tDCR-1 clones, the boundaries of the helicase domain (1-500), the PAZ domain (740-950), the RNase IIIa domain (1297-1552), the RNase IIIb domain (1572-1768) and dsRNA-binding domain (1769-1845) are defined according to published sequence alignment [20, 29, 30] . Full-length dcr-1 cDNA and genomic clones were obtained as described previously [11] . To construct truncated pET-41b-DCR-1 plasmids, dcr-1 cDNA fragments encoding residues 1297-1845, 1345-1845, 1385-1845, 1405-1845, 1420-1845, 1473-1845, 1560-1845 and 1297-1670 were amplified from full-length dcr-1 cDNA using PCR and subcloned into the pET-41b vector through its SpeI and NotI sites, with a PPase cleavage site LEVLFQGP inserted between the GST-tag and truncated DCR-1 proteins. To make pET41b-DCR-1(D1510A/E1513A) or D1472E-containing mutants, a two-step PCR was designed to generate the indicated mutations. To make pET-41b-DCR-1(1297-bRNaseIII-1845), the DNA sequence encoding residues 1611-1740 of DCR-1 was replaced by a sequence encoding residues 38-128 of E. coli RNase III. To make the constructs replacing DCR-1 residues 1385-1404, DNA fragments encoding DQWGVELGKQLAKKIEPELDG, an α-helix from rabbit phosphoglucose isomerase (PDB code: 1DQR) retrieved from the Linker Database (http://www.ibi.vu.nl/programs/ linkerdbwww/) [31] or encoding a sequence with unstructured repeats SGGGSGGGSGGGSGGGSGGGS were synthesized and inserted before the cDNA clone encoding DCR-1(1405-1845). To make pET-41b-GFP-DCR-1(1473-1845) and pET-41b-GFP-DCR-1(1469-1845) plasmids, the cDNA fragment encoding GFP was amplified and fused to the N-terminus of DCR-1(1473-1845) or DCR-1(1469-1845). To generate pET-41b-DCR-1(1-1845; Δ1385-1404) and pET-41b-DCR-1(1-1384-GS-1405-1845), the sequence encoding residues 1385-1404 of DCR-1 was removed or replaced with the GGGS-repeats through a two-step PCR subcloning method. To express GST-DCR-1 fusion proteins in insect cells, GST coding region with a PPase cleavage site was amplified from pGEX-6P1 (GE Healthcare) and inserted into the pFastBac1 (Invitrogen) vector to facilitate the construction of GST fusion clones. Various dcr-1 cDNA fragments with a C-terminal six Histidine (His6) and FLAG tag were inserted via BamHI/NotI sites. The resulting pFastBac1 constructs were then transformed into DH10Bac to produce recombinant baculovirus for insect cell transfection according to the manufacturer's instructions (Invitrogen).
For in vivo rescue experiments, the P dcr-1 DCR-1 plasmid was used as the backbone to make constructs that express various DCR-1 mutants under the control of the endogenous dcr-1 promoter, as previously described [11] . Specifically, P dcr-1 DCR-1 was used as a DNA template to remove the genomic regions encoding residues 1-739, 1-1296, 1-1344, 1-1384, 1-1404, 1-1419, and 1-1559 or to generate mutations in DCR-1 (D1472E or D1510A/E1513A), using the Quick Change mutagenesis kit (Stratagene). To make the in vivo constructs replacing DCR-1 residues 1385-1404, DNA fragments encoding the helix DQWGVELGKQLAKKIEPELDG, or unstructured repeats SGGGSGGGSGGGSGGGSGGGS were synthesized and inserted right after the start codon of P dcr-1 DCR-1(1405-1845) and P dcr-1 DCR-1(1405-1845; D1472E). To construct P dcr-1 GFP-DCR-1(1469-1845) or P dcr-1 GFP-DCR-1(1473-1845), the DNA sequence encoding DCR-1 residues 1-1468 or 1-1472 was replaced with the GFP coding sequence. To construct P dcr-1 DCR-1(1297-1670; D1472E), the DNA sequence encoding residues 1671-1845 was removed from the P dcr-1 DCR-1(1297-1845; D1472E) plasmid. To construct P dcr-1 DCR-1(1297-bRNaseIII-1 845), the P dcr-1 DCR-1(1297-1845) plasmid was used as a template and the DNA sequence encoding residues 1611-1740 was replaced with a sequence encoding residues 38-128 of E. coli RNase III. All clones were confirmed by DNA sequencing.
Protein expression and purification
All GST-DCR-1 fusion proteins used in DNase and RNase assays were synthesized using the TNT Coupled Reticulocyte Lysate System (Promega) and affinity purified by Glutathione Sepharose 4B beads (GE Healthcare) as described in detail previously [11] . To obtain GST-DCR-1 fusion proteins used in DNA-binding experiments, Sf9 cells were infected with recombinant baculovirus and harvested after 60 h. The cells were lysed and recombinant proteins were purified sequentially by Ni
2+
Sepharose resin (GE Healthcare) and Glutathione Sepharose 4B resin. Purified GST-DCR-1 fusion proteins were then cleaved using the PreScission Protease at room temperature for 2 h to remove the GST tag.
Plasmid cleavage assay and TdT assay
For the DNase activity assay, purified DCR-1 proteins were incubated with or without CED-3 at 30 ºC for 1 h and then with 200 ng of supercoiled pPD49.78 plasmid DNA in the DNase buffer (20 mM HEPES-KOH, 10 mM KCl, 3 mM MgCl 2 , 0.5 mM DTT) at 37 ºC for another 1 h. Half of the DNA samples were resolved on 1% agarose gel, stained with GelRed (Biotium), and photographed under UV light. Tans2K plus DNA (Transgene) was used as size markers. The other half was labeled as with Terminal Deoxynucleotidyl Transferase (TdT) in a TdT buffer (20 mM Tris-acetate, 50 mM potassium acetate, 10 mM magnesium acetate, 250 μM cobalt chloride, α-32 P-dCTP) at 37 ºC for 2 h. The samples were then passed through G-50 MicroSpin columns (GE Healthcare) and resolved on 1% agarose gel. The gel was fixed with 10% methanol/10% acetic acid and dried on a SpeedGel gel drier (Thermo) before autoradiography.
DNA-binding assay
DCR-1 proteins with a C-terminal FLAG tag purified from insect cells were incubated with anti-FLAG M2 beads (SigmaAldrich) at 4 ºC for 1 h, washed with DNA-binding buffer (20 mM HEPES-KOH, 10 mM KCl, 3 mM MgCl 2 ), and then incubated with or without CED-3 at 30 ºC for another 1 h. One μg of pPD49.78 plasmid DNA was added to the mixture, incubated at 37 ºC for 20 min and then irradiated with 254 nm UV for 20 min on ice. The beads were then washed three times with the binding buffer. Bound DNA was digested by BamHI, labeled with biotinylated dATP by Klenow (New England Biolabs), and resolved on agarose gel. The samples were then transferred onto Nylon+ membrane (Millipore) and biotin-labeled DNA was detected using HRP-conjugated streptavidin (Thermo).
Ribonuclease assay
The DCR-1 ribonuclease assay was performed as described previously [11] . Briefly, 32 npg Biolabs) using pPD129.36 as the template and purified by G-50 MicroSpin columns (GE Healthcare). GST-DCR-1 proteins were synthesized using the TNT Coupled Reticulocyte Lysate System and affinity purified by Glutathione Sepharose 4B beads. After PPase cleavage, DCR-1 proteins were incubated with 32 P-labeled 189 bp dsRNA in a buffer containing 20 mM HEPES-KOH, 10 mM KCl, 3 mM MgCl 2 , and 0.5 mM DTT at 37 ºC for 2 h in the absence or presence of CED-3. The samples were then resolved on a 20% native polyacrylamide gel. The gel was first stained with GelRed to visualize siRNA marker (New England Biolabs) and then fixed and dried for autoradiography.
CED-3 protease assay
CED-3 protease assays were carried out as described previously [32] . Briefly, GST-DCR-1 proteins were synthesized and labeled with 35 S-methionine using the TNT Coupled Reticulocyte Lysate System (Promega) and incubated with purified CED-3 at 30 ºC for 1 h. The reactions were then resolved by 15% SDS-PAGE.
Structural modeling
The three-dimension structures of DCR-1 before and after CED-3 cleavage were simulated using ab initio and homology modeling methods. In the ab initio method, the before-cleavage DCR-1 sequence from amino acid 1297 to 1768 was used as an input to obtain the fragment structure templates. The three-residue fragments and nine-residue fragments were generated from the ROBETTA fragment server (http://robetta.bakerlab.org/fragmentsubmit.jsp). The ab initio modeling protocol from Rosetta 3.3 [33] was implemented to take advantage of the above fragment information to generate 50 000 models. The model with a high conformational energy score and in agreement with the structures of Giardia dicer and other RNase III dimers was selected as the final candidate model. Briefly, the four catalytic residues in each RNase III domain should be adjacent to one another to constitute a catalytic site, and the two catalytic sites should be oriented to the same direction on the surface of the intramolecular dimer composed of the two RNase III domains, with a distance agreeing with the width of the major groove of dsRNA.
The structure of the after-cleavage DCR-1 protein (amino acid 1473-1768) was predicted using the homology modeling methods JACKAL [34] and I-TASSER [35] , with totally 200 models generated. Because tDCR-1's DNase activity is dependent on the presence of four catalytic residues in RNase IIIb domain and Mg 2+ [11] , the integrity of the catalytic site in RNase IIIb domain should be preserved. Among top five predicted models with highest conformational energy scores, only one model met this criterion and was selected as the final model ( Figure 8B ).
